ABSTRACT: Chirality plays an essential role in life, providing unique functionalities to a wide range of biomolecules, chemicals, and drugs, which makes chiral sensing and analysis critically important. The wider application of chiral sensing continues to be constrained by the involved chiral signals being inherently weak. To remedy this, plasmonic and dielectric nanostructures have recently been shown to offer a viable route for enhancing weak circular dichroism (CD) effects, but most relevant studies have thus far been ad hoc, not guided by a rigorous analytical methodology. Here, we report the first analytical treatment of CD enhancement and extraction from a chiral biolayer placed on top of a nanostructured substrate. We derive closed-form expressions of the CD and its functional dependence on the background-chiroptical response, substrate thickness and chirality, as well as on the optical chirality and intensity enhancement provided by the structure. Our results provide key insights into the trade-offs that are to be accommodated in the design and conception of optimal nanophotonic structures for enhancing CD effects for chiral molecule detection. Based on our analysis, we also introduce a practical, dielectric platform for chiral sensing featuring large CD enhancements while exhibiting vanishing chiroptical background noise.
C
hirality is a ubiquitous phenomenon in nature and plays an essential role in life. 1 Today, we know that biological functionality of chiral biomolecules (e.g., proteins, amino acids, and carbohydrates), as well as synthesized chiral molecules in drugs, is strongly influenced by their chirality. 2, 3 As a result, discrimination of enantiomers is indeed critically important in biology and the pharmaceutical industry in terms of safety and production costs. 4, 5 Enantiomers are distinguishable in the way they interact with chiral fields. Traditionally, circular dichroism (CD) spectroscopy has been used for this discrimination, which is essentially the differential absorption for circularly polarized light (CPL). 6, 7 However, the main challenge of CD spectroscopy still remains the weak chiroptical signals, due to the weak chirality of matter 8 interacting with plane wave lightfields. With the advent of plasmonics and metamaterials, 9, 10 finding new ways and structures to enhance these weak chirality effects has been an area of extensive research. 11−14 A wide range of structures, including three-dimensional nanohelix arrays, 15−17 twisted crosses 18 and twisted nanorods, 19 chiral oligomers 20 and chiral assemblies of nanoparticles, 21, 22 single 23 or multilayer gammadion arrays, 24 and even more complicated structures, such as intertwined 3D helices, 25 have been investigated for enhancing chiroptical effects. Such nanophotonic structures can be realized by bulk metamaterials 15−17 or thin planar metasurfaces, 23 chiral 15−25 or achiral 26, 27 inclusions, and plasmonic 15−25 or dielectric 28 media. When a chiral sample is placed in the near-field of such nanostructures, the CD signal can be enhanced according to the enhancement in the field intensity and optical chirality 29, 30 provided by the nanophotonic platform. 31, 32 Among these two enhancement features, the formation of highly chiral near-fields close to the nanophotonic structure, plays an essential role in enhancing the CD signal. However, it is important to note that all of these platforms have their own intrinsic chiroptical response, which appears as an additive term in the final CD signal and acts as a background noise for the chiral response of biolayers.
So far, the extensive studies of chiral nanophotonic platforms have been mainly pursued numerically or experimentally, ascertaining the performance of the final device from the intrinsic (without the biolayer) chiroptical response of the substrate (such as, its intrinsic CD and provided optical chirality). 33 Yet, the connection of these inherent characteristics of chiral substrate to the CD signal in the presence of a biolayer (necessary for chiral sensing) still remains elusive. Furthermore, several simplified systems have been studied analytically. 22, 34 It is the objective of this paper to report the first analytic study of the problem of substrate CD spectroscopy for an arbitrary nanophotonic substrate (either, chiral or achiral, plasmonic or dielectric) and clarify the interplay between key affecting parameters, such as the thickness and chirality of the substrate, as well as the near-field optical chirality enhancement. We formulate a simple analytical description of the phenomenon elucidating the involved trade-offs, such as between the choice of bulk metamaterials or thin planar metasurfaces, chiral or achiral structures, and between choosing plasmonic or dielectric media.
The paper is organized as follows: In section I, we first analyze an isolated, single chiral biolayer. Then, we proceed by retrieving the CD signal from the same biolayer placed on top of a simple chiral substrate that does not enhance the field intensity or chirality in its near-field zone. On the basis of derived analytical expressions, we report a newly identified consequence of substrate chiral absorption (besides background CD noise), which appears in the form of an attenuation factor acting on the CD signal of the biolayer. In section II, we generalize the analytical results to nanophotonic substrates by introducing intensity and optical chirality enhancement factors. Based on our analytical results, we propose practical ways to remove the background chiroptical noise of the substrate, as well as eliminating the dependency of the output CD on the permittivity of the biolayer. Finally, we introduce a practical dielectric platform for chiral sensing offering unique advantages including an enhanced CD signal which is only associated with the molecular handedness, while featuring vanishing chiroptical background response. We will show that the CD enhancement originates from highly chiral near-fields provided by the electric and magnetic dipolar resonances of the dielectric structures. I. CD Signal of a Biolayer Placed on Top of a Simple Chiral Substrate. In substrate CD spectroscopy, the biolayer is placed on top of a substrate, and the whole system is illuminated by right-circularly polarized (RCP) and leftcircularly polarized (LCP) light sequentially. The CD signal is defined as the differential absorption (transmission) of the light for these two polarization states. If I R and I L are the transmitted power intensities for RCP and LCP excitations at the output side of the biolayer, respectively, then the CD signal is defined as
First, we consider a conventional CD spectroscopy case, where the CD signal is retrieved from a chiral biolayer without any substrate. The chiral sample is modeled as a homogeneous slab of thickness w i , placed in free space (inset of Figure 1b ) and described by the constitutive equations
where ε i and μ i are the permittivity and permeability of the chiral sample, respectively, and κ i is the so-called Pasture parameter, 35 which denotes the material chirality and has different sign for right-and left-handed chiral media. In order to calculate the CD signal analytically, we find the transmission amplitudes for RCP and LCP excitations separately at normal incidence by solving a boundary value problem expressed in an 8 × 8 matrix. The detailed description can be found in the Supporting Information (SI). By inserting the calculated transmitted intensities in eq 1, we arrive at the following analytical expression for the CD response of the biolayer
. Figure 1a shows the transmission spectra of a typical chiral biolayer as a function of its thickness. The optical parameters of the biolayer are given in the caption of Figure 1 . To validate the analytical expressions throughout the paper, we performed fullwave simulations with COMSOL Multiphysics which uses finite element method (FEM). It should be noted that the default built-in fully vectorial wave equations in COMSOL should be modified according to the constitutive relations for a chiral media. 36 In Figure 1b we present the CD i signal corresponding to the transmission spectra of Figure 1a . The CD signal increases with the thickness of the biofilm, owing to the respective increase of the effective length of the light−matter interaction. The curve reaches a plateau for larger biofilm thicknesses, because chiral loss 37 attenuates (the transmission of) both CPL polarizations to zero (cf. Figure 1a) . Considering that the chiral layer is normally very thin (i.e.,k 0 w i ≪ 1), we may approximate eq 3, by keeping only the first two leading terms, as
Next, we study the effect of juxtaposing a chiral substrate to the chiral biofilm. As it will become apparent in section II, this intermediate step is useful for analytically identifying the parameters affecting substrate-enhanced CD spectroscopy. Figure 2a shows a chiral sample, now placed on top of a simple chiral substrate. To solve this problem analytically, we first assume a simple homogeneous chiral matter for the substrate. Here, a "simple" chiral substrate refers to one that does not enhance the intensity or chirality of the light in its near-field zone, as opposed to plasmonic or metamaterial chiral substrates (see section II). In our analysis (cf. Figure 2b) , the configuration of Figure 2a is modeled as two homogeneous juxtaposed chiral slabs of thicknesses w i (for the biolayer) and w s (for the substrate), placed in free space. Compared to the biofilm alone (see Figure 1) , with the substrate we need to solve a 12 × 12 system of boundary-value equations (see SI). Provided that k 0 w i ≪ 1, the following compact expression for the output CD signal is obtained
where κ s is the Pasture parameter of the substrate. Equation 5 provides the total output CD i s of the structure in terms of individual CD responses of the substrate (CD s ) and the biolayer (CD i ). Here, CD i is given by eq 3, and CD s pertains to the differential absorption characterizing the substrate without any biolayer, which can be obtained by inserting the corresponding parameters of the substrate (κ s ,w s ) into eq 3. It is, now, evident from eq 5 that placing the biolayer on top of a chiral substrate has two main drawbacks. First, the CD s signal of the substrate appears as an additive term in the total output of CD i s and does not contain any information about the handedness of the biolayer. Thus, it can be considered as an unwanted signal overwhelming the desired sensed signal, which is CD i s − CD s . The second drawback can be inferred from the second term of eq 5. The multiplication of the CD i signal with the sech term, reveals a hitherto-unidentified consequence of chiral loss in substrate CD spectroscopy: as the sech function decreases with increasing argument, the desired sensed signal decreases with the increasing k 0 w s Im{κ s } term. More specifically, the sech term appears because the RCP and LCP excitations pass through the substrate and arrive in the entrance side of the chiral sample with different attenuation factors exerted on them by the substrate. Thus, increasing the optical thickness (k 0 w s ) or the imaginary part of κ s not only increases the background noise (CD s ), but also decreases the desired sensed signal from the biolayer.
A discussion about realistic solutions to this problem is presented in section II, where specifically we show how nanophotonic platforms can remove the background noise (first drawback), as well as compensate for the attenuation factor of the sech function (second drawback). Figure 2c and d show, respectively, the transmission spectra and CD i s signal for a biolayer of thickness 10 nm placed on top of a substrate of thickness 70 nm. It can be seen that the total CD (black/red) has been enhanced compared to the single biolayer case (blue), but this enhancement originates from CD s and cannot be attributed to the handedness of the biolayer. In order to further clarify the effect of chiral loss (due to 4k 0 w s Im{κ s } term) from the substrate on the desired CD signal (CD i s − CD s ), in Figures 2e,f we have studied the problem as a function of the imaginary part of the substrate Pasture parameter. In Figure 2e , the transmission intensities are obtained for a biolayer of thickness λ/10 placed on top of a substrate of thickness λ/2. The imaginary part of κ s changes between −0.5 and +0.5. Figure 2f shows the normalized desired CD signal corresponding to the transmission intensities in Figure 2e , which is in perfect agreement with the sech function, as previously indicated analytically in eq 5. It can be seen that the simulations and the theoretical results are in excellent agreement. From Figure 2f and eq 5, we can readily infer that substrate Pasture parameter with a nonzero imaginary part (i.e., chiral loss) reduces the desired CD signal.
II. CD Signal of a Biolayer Placed on Top of a Nanophotonic Chiral Substrate. Next, we extend our analysis to nanophotonic (nanostructured) substrates, which have been studied numerically and experimentally in literature. 17−27 In order for our analytical formulas in this section to remain valid for chiral or achiral, plasmonic or dielectric substrates we consider the most general case of a plasmonic chiral nanophotonic substrate with a chiral biofilm on top.
One of the main difficulties in the analytical treatment of this chiral system is the intricate interaction of an incident plane wave with the nanophotonic structures. In fact, inside the substrate, due to the complex interplay of local fields produced by the incident wave interacting with the meta-inclusions, we encounter fields that are no longer plane waves (unlike the "simple" chiral substrate case examined in section I). Assuming that the spacing between the meta-inclusions is much shorter than the wavelength, this complex interaction can be simplified by attributing effective constitutive parameters to the nanophotonic substrate. 38, 39 By using these parameters, the substrate is described as a homogeneous matter, which allows for considering plane-wave fields inside the substrate. The second challenge in the analytical treatment is associated with the nearfield interaction of the chiral substrate with the biolayer. We know that the effective parameters are associated with the farfield reflection and transmission of such structures. On the other hand, nanophotonic structures change, both, the intensity and chirality of the light in their vicinity (near field). We define the local intensity-and local chirality-enhancement factors as respectively, where the "near" and "far" subscripts refer to the near-and far-field zones, and "p" can be either R or L denoting the polarization of the input excitation. The near-field (farfield) zone is defined as a volume of the same size as the chiral sample, immediately on top of the substrate (at the end of the physical simulation domain). The chiral sample is placed in these two different zones and the local factors are calculated by using the corresponding field values at each point inside the chiral sample (see SI for more details.). By the so-defined enhancement factors, it can be shown (see SI) that the effective values for the imaginary parts of the permittivity and Pasture parameter of the biolayer are modified by the factors of p and χ p , which are, respectively, the averaged values of p loc and χ p loc taken over the chiral sample. It should be noted that, these averaged enhancement factors account for the coupling effects between the nanophotonic substrate and the chiral sample, since the field values (E and H) used in the calculations of these enhancement factors take into account the presence of both the chiral sample and the substrate. Furthermore, it is to be mentioned that the averaged optical chirality embodies the uniformity of the chiral fields, which is critically important in CD enhancement due to the fact that in realistic implementation of chiral sensing the chiral biolayer is placed uniformly over the nanophotonic structures and not only on the chiral hotspots. 36 Now we are able to cope with the second challenge in the analytical treatment of the problem at hand, and model the near-field interaction between the nanophotonic substrate and the chiral sample by embedding intensity-and chiralityenhancement factors in the effective permittivity and the effective Pasture parameter of the sensed biolayer. By attributing the obtained effective Pasture parameter and permittivity to the biolayer, and then retrieving the CD signal from eq 1, we arrive at the following expression for the total CD i m output, where CD m is the CD contribution of the nanophotonic substrate (without the biolayer), which can be obtained by inserting its corresponding parameters (κ m , w m ) in eq 3. Equation 6 analytically explains two different effects of substrate chiral absorption (k 0 w m Im{κ m }) in nanophotonic CD spectroscopy. The first effect is that it produces an unwanted background noise of CD m , which has been considered in previous works, 14,32 but we herein obtained it analytically, in eq 3. The second effect, which to our knowledge has not been pointed out before, is the attenuation role of the chiral absorption on the output CD, originating from the evanescent nature of the sech function. This is also emphasized in the analysis of section I. Lastly, our closed-form expression in eq 6 elucidates analytically that the total output CD depends not only on the chirality of the biolayer but also on the biolayer's permittivity. This is a restatement of the fact that if the system is illuminated with two fields of different intensities (i.e., as in the case with two different near-field intensity enhancements) the subtraction of their corresponding difference will be nonzero and depends on the permittivity. Equation 6 and its associated implications are the key findings of the present work, summarizing the contributing factors for improving the CD signal retrieved from chiral samples using nanophotonic substrates. According to this equation, the optimum nanophotonic-platform candidates for substrate CD spectroscopy are those that feature: (i) small values of 4k 0 w s Im{κ m } to remove CD m and make the sech argument zero; (ii) equal intensity-enhancement factors for RCP ( R ) and LCP ( L ) to eliminate the permittivity dependency in eq 6; and (iii) high optical chirality in their near-field zones to maximize the term χ R + χ L . These three requirements help to clarify the trade-offs in the conception of substrate CD-enhancement platforms. The first class of structures can be provided by thin metasurfaces (k 0 w s → 0), lossless dielectrics (Im{κ m } = 0) or achiral (κ m = 0) nanophotonic structures. The second one requires achiral structures, interacting with either RCP or LCP waves in the same manner, thereby leading to = R L in the near-field zone of the structure. The third class can be afforded by, both, chiral or achiral structures, but generally the chiral ones have higher amounts of optical chirality compared to their achiral counterparts. 14 Based on all of the aforementioned considerations, herein we introduce an achiral dielectric nanophotonic substrate, composed of silicon nanodisks (of refractive index n d = 3.5), embedded in a homogeneous dielectric with refractive index of n = 1.5. This proposed platform allows for all of abovementioned features, and has a simplified total CD signal of
where χ CPL is the chirality-enhancement factor for either RCP or LCP waves. It is evident from eq 7 that this structure features a background-free CD signal, which is only dependent on the handedness of the biolayer, amplified by a factor of χ CPL . Figure 3a presents the transmission spectra for RCP and LCP waves, with the disk diameter (d) and height (w m ) being 220 and 290 nm, respectively (inset). We note that the two transmissions are identical, implying a vanishing CD m background signal. On the other hand, the transmission spectra shows two resonance dips at λ = 885 and 945 nm, which arise from an electric dipole (ED) and magnetic dipole (MD) response of the silicon nanodisks, respectively (cf. field patterns in Figure 3a) . Figure 3b shows the chirality-enhancement factor for the proposed platform. It is evident that the ED and MD resonances are well capable of providing high optical chirality at their corresponding wavelengths, as well as providing considerable optical chirality between the two resonances. These chiral near-fields appear in dielectric structures with high refractive index at multipolar Mie resonances. 40 Thus, this dielectric achiral substrate still offers high optical chirality, which generally characterizes plasmonic chiral structures. It is important to note that at the two sides of both resonances the sign of the optical chirality is reversed, implying a corresponding change to the sign of the CD signal when a biolayer is placed on top of the substrate. Figure 3c illustrates a chiral sensing configuration by our proposed platform, in which a chiral sample of thickness 20 nm and Pasture parameter κ m = 0.1−.05j is placed on top of the introduced nanophotonic substrate, and the whole system is excited by RCP (blue) and LCP (red) light. The CD i m at the output side measures the total differential absorbance of the system for RCP and LCP illuminations, which for this special platform arises only from the biolayer chirality (Im{κ i }). In Figure 3d we have calculated the CD i m signal theoretically (solid blue) and by full-wave simulations (dotted red). It can be seen that the theoretical and the simulation results are in excellent agreement. The inset in Figure 3d shows the CD signal of the biolayer without substrate, which is only about 0.80°. It should be noted that, in addition to removing the background noise and permittivity dependency, this platform provides extremely high CD enhancement, of the order of 30 at the resonances and ∼10−20 between the resonances. In order to check that the CD signal is only dependent on the handedness of the sample, we have studied another biolayer of Pasture parameter κ m = 0.1 + 0.05j. We assumed that the two biolayers are only different in their CD signatures, not in their ORD responses, which corresponds to different signs for the imaginary part of the Pasture parameter. If the platform does not have any background noise and is not permittivity-dependent, then by changing the handedness of the biolayer the CD signal should be digitally reversed in sign. Figure 3d shows the theoretical (solid orange) and simulation (dotted green) results for this second biolayer. It is seen that the simulation and theoretical results are again in an excellent agreement, and the CD signal is digitally reversed with respect to the first biolayer, as expected.
In conclusion, the above discussions and results reveal that the herein-developed analytical closed-form expressions of substrate-enhanced chiral sensing accurately characterize the response of these structures, and help to guide their optimal design. Our analysis is inherently capable of treating all kinds of nanophotonic chiral-sensing platforms, including plasmonic or dielectric, chiral or achiral, three-dimensional, or thin surface structures (metasurfaces), and on this basis, we identified an optimal, dielectric, achiral class of such structures for enhanced, background-free chiral sensing. Our results corroborate and extend previously reported aspects of such structures, highlighting overlooked features of substrate-enhanced chiral light− matter interactions, and providing overall an analytic insight at the trade-offs that are to be accommodated in the optimal design of these intricate configurations.
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